The chlorophyll a:b ratio was shifted in Chlorella vannielii by varying the illuminance under which the cells were cultured-the ratio increased from 2.9, 3.0, 4.0, and 4
cells (300 foot candles) based on dry weight. The total chlorophyll per cell of the high light cells was one-fifth of that in the low light cells. Electron micrographs indicated differences in chloroplast structure. An average of five or six thylakoids composed a granum-like region of the low light chloroplasts, whereas only a pair of thylakoids at most was found in the high light chloroplasts. The high light chloroplasts had more starch. On a dry weight basis, the high light cells had a respiration rate 3 times that of the low light cells. Based on chlorophyll, the respiration rate of the high light cells was 26 times greater. Based on dry weight, the oxygen evolution for both cultures was essentially the same at 6,000 foot candles; however, at 300 foot candles the rate for the low light cells was about 5 times faster than that of the high light cells. With chlorophyll as the index, the rates of the high light cells were higher than those of the low light cells-7 times faster at 6,000 and 2 times faster at 300 foot candles. At 10,000 foot candles, the low light-grown cells underwent photooxidation, whereas the high light grown cells photosynthesized at a rate slightly higher than at 6,000 foot candles. Action spectra of system II (oxygen evolution) from a modulated polarograph indicated photochemical participation of chlorophyll b in the high light deficient cells, although the participation was much less than in the low light cells. Enhancement was 1.11 for the low light cells, and 1.05 for the high light cells.
In order to account for the energy balance in the two cultures it was concluded that perhaps oxidative phosphorylation supplemented a reduced photophosphorylation in the high light cells. Experiments The concept of photosynthesis consisting of two light reactions, system I and system II, has been widely accepted. Evidence has come from experiments with various phenomena such as chromatic transients, Emerson enhancement, photophosphorylation, electron spin resonance changes, optical transients, inhibitor responses, photochemical mutations, and the presence of seemingly individual systems in chloroplast fragments (20) .
The action spectra for enhancement and chromatic transients imply participation of chlorophyll b in higher plants and green algae. Recent work on chloroplast fragmentation reveals that chlorophyll a and chlorophyll b are associated with both systems-particle one, with a chlorophyll a:b ratio of 2, is primarily responsible for system II, and particle two, with a chlorophyll a: b ratio of 6, is responsible for system 1 (4, 8) .
Evidence does exist which indicates that chlorophyll b is not essential for oxygen evolution. Smith (29) worked with etiolated barley leaves studying the development of chlorophyll and oxygen-evolving power, and observed that chlorophyll b was not necessary for oxygen evolution. Highkin and Frenkel (13) Analyses. Qualitative differences in pigment content between the high and low light cultures were observed before extraction by using the opal glass technique (27) .
Sufficient volumes of cultures were grown to allow for: chlorophyll determination (25 ml), dry weight (10 ml), cell count (1 ml), and in vivo spectra (5 ml). Methanol, which is usually adequate (31), would not completely extract the high light culture. A new solvent system was employed, i.e., methanol plus DMSO3 in a ratio of 4:1 (v/v). Extractions were performed at low temperatures, in very dim light. After centrifugation the supematant was decanted and the cells were resuspended and recentrifuged. The chlorophyll was washed into an ether layer with 0.2 % NaCl in water. The chlorophyll-ether solution was dried over anhydrous Na2SO4. Absorbances were substituted in the formulas of Smith and Benitez (30) . A Model "B" Coulter counter was used to determine cell number. All weights were determined after two washings in distilled water.
Aliquots (25 ml) of cells were used for carotenoid determinations. The carotenoids were quantitatively extracted by a method which combines the extraction and saponification (7). After 25 ml of culture were centrifuged and the supematant was decanted 1 ml of 60% KOH was added to the cell mass and stirred at 40 to 50 C for 5 min. The mixture was then centrifuged and extracted twice with ethanol (10 ml). The carotenoids were dried over Na2SO4 and made to volume with anhydrous ether. Total carotenoids were compared between the high and low light cultures by determining the area under the curve of the absorption spectrum from 400 to 500 nm.
Thin layer chromatography was used to separate the pigments qualitatively (12) . Plates were coated with a slurry, consisting of Silica Gel G, CaCO3, Ca(OH)2, and ascorbic acid at a pH of 7.3.
The separating solvent system consisted of: 100 ml of petroleum ether, 10 ml of isopropanol, and 0.25 ml of distilled water.
Manometry and Electron Photomicrography. A Warburg constant volume respirometer (32) was used for both respiration and photosynthesis. For photosynthesis experiments, illumination was provided by four submerged General Electric Quartzline lamps, Q500T3/CL 120 v. Illuminances set with a 220-v Variac were measured in the water at the level of the vessel bases with a Weston illumination meter. When light intensities over 1,000 ft-c were used, an auxiliary refrigerating unit and additional circulation were employed.
For photosynthetic studies appropriate aliquots of cells at an absorbance of 0.60 were centrifuged for 20 min at about 1,000g in round bottom centrifuge tubes fitted in cold centrifuge holders. After centrifugation, the cells were resuspended in fresh medium. Aliquots were taken to fill Warburg vessels, as well as for dry weights and for cell counts. Each trough vessel (33) contained 2 ml of cells in the reaction well. The trough and sidearm contained 0.5 ml of "CO2-buffer" according to Umbreit et al. (32) plus carbonic anhydrase (1 mg/ml of CO2-buffer) (6) . The C02-buffer had previously been equilibrated with 3% CO2 in air. The temperature was 25 C.
For respiration studies, the flasks used were those of Warburg and Krippahl (33) . The trough contained either 0.4 ml of 20% KOH or 0.4 ml of C02-buffer. The reaction well contained 2 ml of cell suspension. The temperature was 25 C. The average dry weight per flask for the high light cells was 4.7 mg and was 12.0 mg for the low light cells.
For electron photomicrography cells were harvested by centrifugation at 4,000g. The fixation procedure was similar to one described by Sabatini et al. (24) . After fixation, the cells were rinsed in buffer before being suspended in agar. The agar blocks were put through a graded ethanol dehydration series and were and 6,000 ft-c. Cells at both light intensities had been precultured at those intensities to permit adaptation. embedded in Epon 812, essentially as described by Luft (19) .
Sections were cut with a diamond knife, then stained with 1 %7 uranyl acetate and basic lead hydroxide (22) , and examined in a Phillips EM-200 electron microscope.
Polarographic Measurements. The polarographic method for detection of oxygen production, as devised by Joliot and Joliot (15) (16) (17) , was used for determining the action spectra of system II and also for enhancement. The basic principle entails illumination of algae, deposited on bare platinum electrode, by means of a modulated light and then detecting only the modulated component of the amperometric current.
Aliquots of cells were centrifuged and resuspended in the inorganic medium (minus micronutrients) enriched with 0.01 M KCI. Each milliliter of the cell suspension contained approximately 0.1 mg of chlorophyll. The cells were kept in suspension by bubbling with 5%G CO2 in air. The same enriched medium was allowed to flow through the top and middle compartments of the electrode apparatus. The buffer reservoir, feeding the middle compartment, was gassed with 5S C02 in air. The polarization voltage was between -0.3 and -0.4 v. The room temperature was about 20 C.
Two beams of light were used to develop an action spectrum. Background light was passed through a 710-nm filter. This beam was always checked for linearity, rate of oxygen evolved as opposed to intensity, prior to each experiment. The source of superimposed, modulated light was a monochromator used with its narrowest slits. The frequency of modulation was about 40 cycles/sec. Rates of oxygen evolution were obtained starting at about 626 nm and every 3rd nm up to 710 nm; a reference point was used following every three to five rate recordings to ensure accuracy. In order to compare the action spectra of the two cultures (6,000 and 300 ft-c), the rates were normalized and plotted against wavelength.
For the enhancement studies, the monochromator supplied 650 nm, and 700 nm were obtained from another light source and appropriate filter. Modulation speeds of 80 cycles/sec were used. The intensity of each beam was adjusted so that the rates of oxygen evolution from each beam modulated separately were essentially the same. The classical way of expressing enhance- Figure 1 illustrate the comparative growth rates of cells at 6,000 and 300 ft-c. Cells at an absorbance of 0.60 at 550 nm, within the linear region of curves were used for all experiments. In earlier research, 2,700 ft-c was the highest light intensity employed to obtain cells with a high chlorophyll a:b ratio. An intensity of 6,000 ft-c was later employed because it was readily attainable by cooling the fluorescent lamps, and the cells, once adapted, maintained the normal maximal growth rate of three doublings per day. At 7,000 ft-c the rate fell to 2.3. The rates for 300 and 6,000 ft-c cultures were 2.7 to 3.0 respectively. By using the opal glass technique, one can determine gross differences in pigmentation among cultures. Typical spectra are shown in Figure 2 . The region below 550 nm is complicated by both chlorophyll and carotenoid absorption. The tion of chlorophyll a is 678 nm and that of chlorophyll b is 650 nm. By comparing the peaks at 678 nm, no shift in maxima is observed. A shift might have indicated that there had been a change in the in vivo forms of chlorophyll a. It is evident that there was far less chlorophyll in the cells grown at 6,000 ft-c. The 300 ft-c culture had a predominant shoulder at 650 nm indicative of chlorophyll b, which was barely discernible in the 6,000 ft-c culture. 1, 000 ,ug/ml, did not increase the rate of chlorophyll appearance in 6,000 ft-c cells placed at 300 ft-c, nor did it increase the chlorophyll content of 6,000 ft-c cells kept at 6,000 ft-c. Figure 3 is an electron micrograph of a typical cell grown at 300 ft-c. Of particular interest are the granum-like regions, regions of lamellar or thylakoid appression. The minimal number of thylakoids making up such an area is two, but it can be seen that larger numbers are most common. In contrast, Figure 4 shows a typical cell grown at 6,000 ft-c; note that the maximal number of thylakoids making up a granum-like region is two.
In comparing these electron micrographs, one observes that 6,000 ft-c cells contain more starch and fewer thylakoids per chloroplast. It has been observed previously that there is a parallel between chlorophyll concentration and total lamellae. Later it will be shown that 6,000 ft-c cells have a greater photosynthetic capacity than the 300 ft-c cells. It is conceivable that the 6,000 ft-c culture contains smaller and perhaps more photosynthetic units than the 300 ft-c culture. If the 6,000 ft-c chloroplast contains the normal size unit, then it must have fewer but enzymatically more active units. Regardless, it is evident that the number of thylakoids making up the granum-like region in the 6,000 ft-c culture is reduced. This observation also reinforces the work of Goodchild et al. (10) with a chlorophyll b-less mutant of barley. He concluded that chlorophyll b is not an essential structural component of the grana of the higher plant chloroplast, but that the lack of chlorophyll b impairs grana formation to some extent. The data of Schmid and Gaffron (26) illustrate variability in the photosynthetic unit size in tobacco mutants. The adaptive mechanism which enables a plant to adjust to high light intensities may entail reduction of unit size and/or increased enzymatic activity. Respiration rates were identical in the presence or absence of CO2. The 6,000 ft-c culture respired at a much faster rate. The 6,000 ft-c culture with 16 .3 JAI of 02 per mg dry weight per hr respired 2.8 times faster than the 300 ft-c culture utilizing only 5.8 JAI of 02 per hr. If the oxygen uptake is related to the chlorophyll content, the rates become 115.6 and 3,025.9 ,ul of 02 taken up per mg of chlorophyll hr for the 300 and 6,000 ft-c cultures, respectively. The 6,000 ft-c culture respired 26.2 times faster than the 300 ft-c culture on a chlorophyll basis. Figure 5 represents "apparent" or "net" oxygen evolution on a chlorophyll and a dry weight basis for the culture grown at 300 ft-c and measured at 300 and 6,000 ft-c. Oxygen evolution expressed either way was slightly less at 6,000 than at 300 ft-c. It may be of interest to note that at 10,000 ft-c photooxidation occurred for the 300 ft-c culture. Obviously 6,000 ft-c is beyond saturation for the culture grown with less light. Figure 6 contains the same comparisons for the culture grown at 6,000 ft-c. It is apparent that the 6,000 ft-c culture was much more efficient on both chlorophyll and dry weight bases at the higher light intensity. The 6,000 ft-c culture measured at 10,000 ft-c gave a slightly higher rate than that measured at 6,000 ft-c.
Rates of oxygen evolution of both cultures, expressed on a dry weight basis, were essentially the same at the higher light intensity. The 300 ft-c culture had a rate at least 5 times that of the 6,000 ft-c culture when measured at the lower light intensity. This is indicative of the fact that the 6,000 ft-c culture had only one-tenth the chlorophyll of the 300 ft-c culture, and obviously a higher compensation.
In comparing relative efficiencies of photosynthesis, chlorophyll was taken to be the preferred index. The apparent rates of -700-Plant Physiol. Vol. 46, 1970 the two cultures were essentially the same at 300 ft-c; however, at 6,000 ft-c, the 6,000 ft-c culture was 7.3 times faster than the 300 ft-c. If one corrects for dark respiration, however, then the 6,000 ft-c culture was twice as efficient as the 300 ft-c culture measured at 300 ft-c. This distinguishes the 6,000 ft-c culture from thehigh light intensity culture of Chlorella studied by SteemanNielsen (31) . He grew cultures at approximately 300 and 3,000 ft-c. The high light culture exhibited the usual decrease in total chlorophyll and higher saturation rate of photosynthesis; however, the rates of photosynthesis of the two cultures were essentially the same at low intensities. The major feature separating. his high light culture from the 6,000 ft-c culture was the chlorophyll a:b ratio-his high light culture maintained the normal ratio of 3.0. The 6,000 ft-c culture was vaguely similar to thetobacco mutant of Schmid and Gaffron (25) in that the rate of respiration had greatly increased, which accounted for the high rate of "true" photosynthesis at low light intensity.
Reports concerning lack of enhancement in plants (11, 14, 21 ) are of obvious consequence concerning the operation of the two photochemical reaction schemes of photosynthesis. Of particular interest was the report by Govindjee et al. (11) of Bedell's lack of enhancement in Chlorella vulgaris grown at high light intensity. Naturally, the question regarding enhancement in the 6,000 ft-c culture arose. Enhancement spectra for Chlorella indicate chlorophyll b and chlorophyll a-673 for system II (23) . In order to evaluate the role of chlorophyll b when the chlorophyll a:b ratio is 6.2 rather than the usual value of 3.0, action spectra of system II (oxygen evolution) were obtained for the 6,000 and 300 ft-c cultures.
The modulated polarographic method was used to obtain theaction spectra of system II shown in Figure 7 . The 300 ft-c culture had a clear shoulder at 650 nm, whereas it was much reduced in the 6,000 ft-c culture. Thus, even at a chlorophyll a:b ratio of 6.2, sufficient chlorophyll b exists to be photochemically active in system II. Figure 8 illustrates a typical trace obtained when enhancement is studied with the modulated polarograph. This particular trace is of the 6000 ft-c culture. Enhancement values were 1.11 for the 300 ft-c culture, and 1.05 for the 6,000 ft-c cells. The point to be stressed is that enhancement does exist in the 6,000 ft-c culture.
An examination of the energy balance resulting from the War- burg experiments, coupled with those on growth and enhancement, suggests an attractive explanation for the stabilizing role of chlorophyll b in the photosynthetic mechanism. One can reason thus: The growth rates of the 300 and the 6,000 ft-c cultures are similar, 2.7 for the low light culture and 3.0 for the high light culture. Therefore, the resulting cell product produced by the chlorophyll b normal cells is almost the same as that synthesized by the chlorophyll b-deficient cells. This is true in light of the fact that on a total chlorophyll basis at 6,000 ft-c the chlorophyll b-deficient cells showed greater oxygen-evolving efficiency equal to 8 times that of the low light cells. However, if one makes the appropriate calculations, the low chlorophyll multiplied by the greater efficiency in the high light cells about equals the low efficiency, but larger chlorophyll content, in the low light cells. What then is the difference between the two cultures that might give a clue to the role of chlorophyll b so strikingly reduced in the high light cells? The respiration data provide the key. Respiration is 26 times greater on a chlorophyll basis and 3 times greater on a dry weight basis in the high light cells. An obvious conclusion is that the energy demand probably in the form of ATP is strikingly greater when chlorophyll b is low. The accelerated respiration could be providing the required ATP for the dark reactions of photosynthesis. Thus, the level of chlorophyll b appears to reflect a regulatory device in governing cyclic and noncyclic photophosphorylation.
That It is, nevertheless, apparent then that chlorophyll b is practically eliminated from the energy-trapping system. The observation that oxygen evolution on a chlorophyll basis was more rapid in the cells with a high chlorophyll a:b ratio indicates that chlorophyll a, or a form of chlorophyll a, has taken over system II and is doing the job better than when chlorophyll b was abundant and cooperating.
